In the present study, we tested whether the decreased release of calcitonin gene-related peptide (CGRP) observed in nitroglycerin tolerance is associated with the decrease in aldehyde dehydrogenase (ALDH-2) activity. We further investigated the possible involvement of reactive oxygen species in the decrease in ALDH-2 activity. Tolerance was induced by exposure of isolated rat thoracic aortas and human umbical vein endothelial cells (HUVEC) to nitroglycerin in vitro or by pretreatment with nitroglycerin for 8 days in vivo. Pretreatment with ALDH-2 inhibitors and nitroglycerin significantly attenuated vasodilator responses to nitroglycerin concomitantly with a decrease in the release of CGRP from the isolated thoracic aorta. Nitroglycerin produced a depressor effect concomitantly with an increase in plasma concentrations of CGRP, and the effect of nitroglycerin was attenuated after pretreatment with an inhibitor of ALDH-2 or nitroglycerin for 8 days. Exposure of HUVEC to nitroglycerin for 16 h increased reactive oxygen species production and decreased ALDH-2 activity as well as cGMP production in a time-and concentration-dependent manner. Pretreatment with an ALDH-2 inhibitor also significantly decreased the cGMP production. However, tolerance to nitroglycerin in HUVEC was restored in the presence of N-acetylcysteine or captopril. The present results suggest that nitrate tolerance is, at least partially, associated with a decrease in endogenous CGRP release via a decrease in ALDH-2 activity as a result of stimulation of reactive oxygen species production.
Introduction
Nitroglycerin is a classical drug used against angina pectoris. Nitroglycerin is converted in the vasculature to NO or a closely related molecule, which activates guanylate cyclase and subsequently elevates the cyclic GMP (cGMP) level, resulting in vasodilation (Katsuki et al., 1977) . However, long-term administration of nitroglycerin can cause the development of tolerance. The mechanisms responsible for tolerance to nitroglycerin are not clearly understood. Studies have showen that the mitochondrial isoform of aldehyde dehydrogenase (ALDH-2) is the main enzyme responsible for nitroglycerin bioactivation and has a specific role in cGMP-mediated, nitroglycerin-induced vasorelaxation (Chen et al., 2002; Sydow et al., 2004) . It has been shown that nitrate tolerance is induced by inhibition of ALDH-2 (Chen et al., 2002; Sydow et al., 2004) .Considerable evidence shows that nitrate tolerance is closely related to oxidative stress induced by an increased production of reactive oxygen species (Munzel et al., 1999; Jurt et al., 2001; Csont and Ferdinandy, 2005; Wenzel et al., 2007) . It is likely that nitroglycerin induces the production of reactive oxygen species, with a subsequent decrease in mitochondrial ALDH-2 activity, resulting in nitrate tolerance (Chen et al., 2002; Sydow et al., 2004) .
Calcitonin gene-related peptide (CGRP), the principal transmitter in capsaicin-sensitive sensory nerves, is widely distributed in vascular tissues and is a potent vasodilator (Franco-Cereceda, 1988) . Previous studies have suggested that nitroglycerin can evoke the release of CGRP from capsaicin-sensitive sensory nerves (Wei et al., 1992; Hu et al., 1999; Zhou et al., 2001a; Du et al., 2004; Ghatta and O'Rourke, 2006) . We and others have also shown that CGRP mediates the depressor effect and vasodilation produced by nitroglycerin via the cGMP pathway (Zhou et al., 2001a; Booth et al., 2000) , and that the decreased depressor effect of nitroglycerin in tolerant states is also related to a decrease in CGRP release (Oroszi et al., 1999; Zhou et al., 2001b; Ghatta and O'Rourke, 2006) . Some antioxidants such as N-acetylcysteine or captopril could reverse nitrate tolerance concomitantly with an increase in the release of CGRP (Zhou et al., 2001c) . In the present study, therefore, we tested whether the decreased release of CGRP in nitroglycerin tolerance is due to decreased ALDH-2 activity as a result of stimulation of reactive oxygen species production.
Materials and methods
Male Wistar rats weighing 280 to 320 g were obtained from Central South University Animal Center. Animals received humane care in compliance with the ''Guide for the Care and Use of Laboratory Animals'' published by the National Institutes of Health (NIH publication 86-23, Revised 1986 ).
Reagents
Chloral hydrate, cyanamide, phenylephrine, N-acetylcysteine and captopril were obtained from Sigma (St. Louis, MO, USA). Nitroglycerin was purchased from Beijing Yiming Pharmaceutical Factory (Beijing, China). DMEM was obtained from Gibco. Radioimmunoassay kits for the measurement of CGRP were obtained from Dongya Immunity Technology Institute (Beijing, China). Radioimmunoassay kits for the measurement of cGMP were purchased from Shanghai University of Chinese Medicine(Shanghai, China). Reactive oxygen species detection kit and BCA protein assay kit were purchased from Beyotime Company (Jiangsu, China).
Nitroglycerin-induced tolerance model in vitro
Rats were anesthetized with sodium pentobarbital (60 mg/kg, i.p.), and the thoracic aorta was rapidly isolated and cut into rings of 4 mm length. The rings were suspended horizontally between two stainless-steel wires and mounted in a 5-ml organ chamber filled with warmed (37°C) and oxygenated (95% O 2 and 5% CO 2 ) Krebs solution. The Krebs solution had the following composition (mM): NaCl, 119.0; NaHCO 3 , 25.0; KCl, 4.7; KH2PO 4 , 1.2; MgSO 4 ·7H 2 O, 1.2; CaCl 2 , 2.5; and glucose, 11.0. One of the ring ends was connected to a force transducer. The aortic ring was stretched with 2 g resting force, equilibrated for 60 min, and then precontracted with KCl (60 mM). After a maximal response to KCl was obtained, the rings were washed repeatedly with Krebs solution and equilibrated again for 30 min. At the end of the equilibration period, tolerance to nitroglycerin was induced by pretreatment with nitroglycerin (10 − 5 M) for 30 min, and then the rings were washed repeatedly and equilibrated again for 1 h. In order to measure vasodilator responses, rings were contracted with phenylephrine (3 × 10 − 6 M) to 40-50% of their maximal concentration. After the constriction stabilized, accumulative concentration-response curve for nitroglycerin (10 − 9 -10 − 4 M) was obtained. For chloral hydrate and cyanamide, preparations were exposed to ALDH-2 inhibitor, chloral hydrate (1 mM) or cyanamide (1 mM), for 15 min, respectively, and then treated with nitroglycerin in the presence of chloral hydrate or cyanamide.
Nitroglycerin-induced tolerance model in vivo
Tolerance was induced by treatment with nitroglycerin (10 mg/kg, s.c.) three times a day for 8 days and was confirmed by a reduction in hypotensive responses to intravenous nitroglycerin. In the control group, rat were given s.c. injection of 1% ethanol (0.5 ml/kg). After 8 days, the rats were anesthetized with sodium pentobarbital (60 mg/kg). A polyethylene (PE 50) catheter, contected with the blood pressure transducer, was inserted into the left femoral artery to record blood pressure. An additional catheter was inserted into the right femoral artery for the withdrawal of a reference arterial blood sample. Nitroglycerin (150 mg/kg) was administered through a cannula inserted into the right femoral vein. After surgical procedures, at least 10 min was allowed for stabilization. Blood pressure was continuously monitored. The resulting electric signals were digitized by a MacLab analog-to-digital converter and recorded by a Power Macintosh 7220 computer. In the cyanamide plus nitroglycerin-treated group, cyanamide (31 mg/kg, i.v.) was given 15 min before the experiment.
Measurement of CGRP-LI like concentration
In vitro, thoracic aortas were incubated with nitroglycerin (final concentration 10 − 5 M) for 10 min. Samples were collect and acetic acid was added (final concentration 0.2 mM). The samples were desalted on a Sep-Pak C18 cartridge and then eluted with 75% methanol containing 0.1% trifluoroacetic acid. Finally, samples were lyophilized and stored at − 70°C until assay.
In vivo after a maximal depressor response to intravenous nitroglycerin was reached, blood samples (3 ml) were collected rapidly from the right femoral artery into tubes containing 10% NaEDTA 40 μl and aprotinin 500 mU/L. The plasma was obtained by centrifugation at 3000 rpm for 10 min at 4°C and stored at −70°C until assayed.
CGRP-like immunoreactivity (CGRP-LI) was determined with radioimmunoassay kits using antisera raised against rat CGRP, 125 I-labelled CGRP and rat CGRP standard.
Cell culture
Human umbilical vein endothelial cells (HUVEC, ATCC, CRL-2480) were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin and 100 U/ml streptomycin. Cells were passaged into 6-well culture dishes and were serum-starved for 24 h in DMEM containing 1% FBS when the cells had reached subconfluence. Then the cells were treated with nitroglycerin (10 − 5 M) for 4, 8, 16 or 24 h or nitroglycerin (3 × 10 − 6 ,10 − 5 or 3× 10
− 5 M) for16 h. In the N-acetylcysteine or captopril plus nitroglycerin tolerance group, cells were pretreated with Nacetylcysteine (10 − 2 M) for 0.5 h or captopril (10 − 5 M) for 1 h, and then exposed to nitroglycerin (10 − 5 M) for 16 h in the presence of N-acetylcysteine or captopril. For cyanamide, endothelial cells were exposed to cyanamide (1 mM) for 20 min.
Determination of reactive oxygen species generation
Changes in the intracellular level of reactive oxygen species level were determined by measuring oxidative conversion of cellpermeable 2', 7'-dichlorofluorescein diacetate (DCFH-DA) into fluorescent dichlorofluorescein (DCF) in a fluorospectro-photometer (F4000, Japan). Cells were washed with D-Hank's buffer and incubated with DCFH-DA at 37°C for 20 min. Then the DCF fluorescence of 20,000 cells was detected by fluorospectrophotometer analysis at an excitation wave length of 488 nm and an emission wave length of 535 nm (Jia et al., 2006) .
ALDH-2 activity assay
Cells were collected with ice-cold phosphate-buffered saline (PBS) and their wet weight was determined. A 16.7% (w/vol) cell suspension with 20 mM ice-cold phosphate buffer (deoxygenated with nitrogen gas), pH 7.4, containing 250 mM sucrose was prepared. Cells were homogenized and centrifuged at 900 g for 5 min to collect the supernatant which was further centrifuged at 10,000 g for 10 min to collect the precipitated mitochondria. The mitochondria were dispersed in 5 vol ice-cold aqueous 30 mM potassium phosphate buffer (deoxygenated with nitrogen gas), pH 7.5. The protein concentration was determined with BCA protein assay reagent. ALDH activity in the supernatant was measured at room temperature by following NADH formation at 340 nm. The assay mixture (1 ml) contained 100 mM Tris-HCl (pH 8.5), 1 mM NAD − , 1 mM propionaldehyde and 1 mM 4-methylpyrazole (Chen et al., 2002; Sydow et al., 2004; Ohsawa et al., 2003) .
Determination of cellular cGMP-LI like levels
Cells in 6-well plates were washed two times with D-Hank's buffer and then were treated with 100 μM nitroglycerin for 1 min. The reaction was stopped by addition of 5% ice-cold Control: rats were given s.c. injection of 1% ethanol (0.5 ml/kg) three times a day for 8 days. Nitroglycerin (NTG): rats were given s.c. injection of 1% ethanol (0.5 ml/kg) three times a day for 8 days, and then NTG (150 μg/kg) was injected intravenously; NTG-T + NTG: rats were pretreated with NTG (10 mg/kg, s.c.) three times a day for 8 days, and then NTG (150 μg/kg) was injected intravenously. CYA + NTG: rats were given s.c. injection of 1% ethanol (0.5 ml/ kg) three times a day for 8 days, and treated with cyanamide (31 mg/kg, i.v.) 15 min before injecting NTG (150 μg/kg) intravenously. Values are expressed as means ± S.E.M. Fig. 3 . Effect of nitroglycerin (NTG) on mean arterial pressure. NTG: rats were given s.c. injection of 1% ethanol (0.5 ml/kg) three times a day for 8 days, and then nitroglycerin (150 μg/kg) was injected intravenously. NTG-T + NTG: tolerance was induced by pretreatment with NTG (10 mg/kg, s.c.) three times a day for 8 days, and then NTG (150 μg/kg) was injected intravenously. CYA + NTG: cyanamide (31 mg/kg,i.v.) was given 15 min before treatment with NTG.
Values are means ± S.E.M. (n = 10-11). ⁎⁎ P b 0.01 vs. NTG.
trichloroacetic acid. Measurement of cGMP was performed according to the manufacturer's protocol.
Statistic analysis
Results are expressed as means ± S.E.M. All data were analyzed by ANOVA followed by the unpaired Student's t-test for multiple comparisons. The significance level was chosen as P b 0.05.
Results

Vasodilator responses
In presence of phenylephrine, nitroglycerin (10 − 9 -10 − 4 M) caused a concentration-dependent relaxation in the isolated rat thoracic aorta. Vasodilator responses to nitroglycerin were reduced in the presence of chloral hydrate or cyanamide. Chloral hydrate or cyanamide itself had no effect on constrictor responses to phenylephrine (data has not been shown). Preincubation of preparations with nitroglycerin (10 − 5 M) for 30 min markedly decreased vasodilator responses to nitroglycerin (Fig. 1). 
The release of CGRP from thoracic aortas
As shown in Fig. 2 , nitroglycerin increased the release of CGRP from thoracic aortas. The release of CGRP induced by nitroglycerin was attenuated by pretreatment with chloral hydrate, cyanamide, or nitroglycerin (10 − 5 M) for 30 min (Fig. 2) . Fig. 4 . Effect of nitroglycerin (NTG) on plasma concentrations of CGRP. Control: rats were given s.c. injection of 1% ethanol (0.5 ml/kg) three times a day for 8 days. NTG: rats were given s.c. injection of 1% ethanol (0.5 ml/kg) three times a day for 8 days, and then NTG (150 μg/kg) was injected intravenously; NTG-T+ NTG: tolerance was induced by pretreatment with NTG (10 mg/kg, s.c.) three times a day for 8 days, and then NTG (150 μg/kg) was injected intravenously. CYA + NTG: rats were given s.c. injection of 1% ethanol (0.5 ml/kg) three times a day for 8 days, and then cyanamide (31 mg/kg, i.v.) was given 15 min before treatment with NTG.
Values are means ± S.E.M. (n =10-11). ⁎⁎ P b 0.01 vs. control; ## P b 0.01 vs. NTG. 
Depressor effects
There were no differences in basal values of blood pressure among the groups (Table 1) . Nitroglycerin (150 μg/kg, i.v.) significantly decreased blood pressure. The depressor effect of nitroglycerin was almost completely abolished in the tolerant rats. Pretreatment with cyanamide also reduced the depressor effect of nitroglycerin (Fig. 3) .
Concentrations of CGRP
Nitroglycerin significantly increased plasma concentrations of CGRP. However, the release of CGRP stimulated by nitroglycerin was reduced in the tolerant rats, and after pretreatment with cyanamide (Fig. 4) .
Concentrations of reactive oxygen species
Exposure of endothelial cells to nitroglycerin at the dose of 10 − 6 ,10 − 5 or 3 × 10 − 5 M for 16 h or 10 − 5 M for 4, 8, 16 or 24 h significantly increased the intracellular level of reactive oxygen species (Fig. 5) . Pretreatment with N-acetylcysteine (10 mM) or captopril (10 μM) attenuated the increased level of reactive oxygen species induced by nitroglycerin (Table 2) . N-acetylcysteine or captopril itself had no effect on the intracellular level of reactive oxygen species (data has not been shown).
Activity of ALDH-2
ALDH2 activity was significantly decreased in the endothelial cells treated with nitroglycerin (10 − 5 M) for 8, 16 or 24 h (Fig. 6) . N-acetylcysteine (10 mM) or captopril (10 μM) significantly attenuated the decreased activity of ALDH2 induced by nitroglycerin (Table 3) . However, N-acetylcysteine or captopril itself had no effect on the activity of ALDH-2 (data has not been shown).
Concentrations of cGMP
Pretreatment with nitroglycerin (10 − 5 M) for 8, 16 or 24 h significantly decreased the cGMP formation induced by acute Table 3 Effects of N-acetylcysteine and captopril on intracellular ALDH activity (nmol/ mg/min) Groups Intracellular ALDH activity treatment with nitroglycerin (10 − 4 M) (Fig. 7) . Exposure to cyanamide (10 − 3 M) for 20 min also significantly reduced nitroglycerin-induced cGMP formation (Table 5) . N-acetylcysteine (10 mM) or captopril (10 μM) reversed nitroglycerininduced tolerance (Table 4) . N-acetylcysteine, captopril or cyanamide itself had no effect on the nitroglycerin-induced cGMP formation in tolerant endothelial cells (data has not been shown).
Discussion
Previous studies have suggested that nitroglycerin activates capsaicin sensitive sensory nerves to release CGRP (Wei et al., 1992; Hu et al., 1999; Zhou et al., 2001a; Du et al., 2004; Ghatta and O'Rourke, 2006) . The present results showed that nitroglycerin caused a concentration-dependent relaxation and a depressor effect, concomitantly with an increase in the release of CGRP in isolated rat thoracic aorta and in the concentration of CGRP in plasma. We and others have demonstrated that the vasodilator responses and depressor effect of nitroglycerin are attenuated or abolished by CGRP-(0-37), the CGRP receptor antagonist, or capsaicin, which selectively depletes CGRP in sensory nerves (Wei et al., 1992; Zhou et al., 2001a,c) . It has been reported that methylene blue, an inhibitor of soluble guanylate cyclase, abolishes the increased release of CGRP produced by nitroglycerin (Zhou et al., 2001a) . These findings support the hypothesis that the cardiovascular effect of nitroglycerin is, at least partially, mediated by endogenous CGRP via the cGMP pathway.
It has been demonstrated that frequently repeated or continuous exposure to high doses of organic nitrates leads to a marked attenuation of the magnitude of most of their pharmacological effects. However, the mechanism responsible for tolerance to organic nitrates is not fully understood. Proposed mechanisms include oxidative stress, inhibition of nitroglycerin-metabolizing enzyme, endothelial dysfunction, changes in nitroglycerin signaling or endogenous active substances, and so on (Munzel et al., 2005) .
Oxidative stress may be a decisive component in the development of nitrate tolerance (Munzel et al., 1999; Jurt et al., 2001; Csont and Ferdinandy, 2005; Wenzel et al., 2007) . Recent studies have indicated that ALDH-2 is the main enzyme responsible for nitroglycerin bioactivation, and that inhibition of this enzyme contributes to nitrate tolerance (Chen et al., 2002; Sydow et al., 2004) . There is evidence that oxidants can inactivate ALDH-2 directly and induce nitrate tolerance Wenzel et al., 2007) . Oxidative stress may contribute directly to nitroglycerin tolerance, either by oxidative inhibition of ALDH-2 or perhaps by oxidizing key enzyme cofactors (Chen et al., 2002; Sydow et al., 2004; Daiber et al., 2004; Munzel et al., 2005) . The present study confirmed previous observations that pretreatment of the isolated rat thoracic aorta with ALDH-2 inhibitors significantly attenuated the vasodilation and depressor effect of nitroglycerin (Chen et al., 2002; Sydow et al., 2004) . In cultured endothelial cells, nitroglycerin tolerance increased the level of reactive oxygen species and attenuated ALDH-2 activity as well as cGMP production in a time-and concentration-dependent manner, and an ALDH-2 inhibitor significantly reduced nitroglycerininduced cGMP formation, which was attenuated by antioxidants, N-acetylcysteine or captopril (a SH-containing compound). Collectively, these data provide strong support for the suggestion that nitrate tolerance is due to stimulation of reactive oxygen species production, thereby decreasing the activity of mitochondrial ALDH-2 and resulting in the decreased production of cGMP.
Previous investigations have demonstrated that tolerance to nitroglycerin is related to the decreased release of CGRP (Oroszi et al., 1999; Zhou et al., 2001b; Ghatta and O'Rourke, 2006) . The results of this study confirmed previous observations that vasodilator responses to nitroglycerin in vitro and the depressor effect and release of CGRP induced by nitroglycerin in vivo are decreased in nitrate tolerance.
As mentioned above, the development of tolerance to nitroglycerin is associated with the desensitization of mitochondrial ALDH-2 (Chen et al., 2002; Sydow et al., 2004) , leading to an attenuated rise in cGMP, and nitroglycerin regulates CGRP release through the cGMP pathway (Zhou et al., 2001a; Booth et al., 2000) . Thus, we postulate that the decreased release of CGRP in nitrate tolerance may involve the mitochondrial ALDH-2 pathway. The results of this study revealed that the effect of nitroglycerin, causing vasodilator responses as well as a depressor effect concomitantly with an increase in the release of CGRP, were attenuated by pretreatment with an ALDH-2 inhibitor. Our studies also showed that N-acetylcysteine or captopril, which has antioxidant activity, reversed the tolerance to nitroglycerin concomitantly with an increase in the release of CGRP and an increase in the activity of mitochondrial ALDH-2 by decreasing reactive oxygen species production. These findings support the hypothesis that the decreased release of CGRP in nitrate tolerance is related to the reduced activity of mitochondrial ALDH-2.
In summary, the present study suggests that the decrease release of endogenous CGRP release in nitroglycerin tolerance may be related to a decrease in ALDH-2 activity as a result of stimulation of reactive oxygen species formation.
